The voltage-dependent gating mechanism of single A-type potassium channels coded for by the Shaker locus of DrosophUa was studied by single-channel recording. A-type channels expressed in Xenopus oocytes i 'ected with Shaker B and Shaker D mRNA exhibited gating and voltage dependence that were qualitatively similar to those of the native Shaker A-type channels from embryonic myotubes. In all three channel types the molecular transition rates leading to the first opening were voltage-dependent, whereas all transitions after the first opening, including inactivation, were independent of voltage. While these channels exhibit some quantitative differences in their transition rates that account for the observed differences in macroscopic currents, in all three cases the voltage dependence of the macroscopic currents is determined by a voltage dependence in the time to first opening. This gating mechanism is similar to that of the vertebrate voltage-gated sodium channel and, together with the sequence similarities in the S4 region of the proteins, suggests a conserved mechanism for activation and inactivation.
A-type potassium channels in neurons, muscle, and other cells contribute to spike repolarization, low-frequency repetitive firing, modulation of transmitter release and integration of synaptic input (1, 2) . A class of A-type channels is coded for by the Shaker locus in Drosophila (3) (4) (5) (6) . The Shaker gene gives rise to a large family of transcripts, many of which can individually produce macroscopic A-type potassium currents when injected into Xenopus oocytes (7) (8) (9) (10) (11) (12) . The deduced sequences of Shaker protein contain a region, called S4, that is also present in the voltage-dependent sodium and calcium channels (3, 4, 8, 9, (13) (14) (15) (16) (17) (18) (19) . This region has a highly conserved recurring motif of a positively charged amino acid at every third position with intervening hydrophobic residues. Current models for voltage-dependent gating favor a rotation or translation of S4 helices through the membrane as a prerequisite for channel opening (20) (21) (22) . Outside of the S4 region, the Shaker sequences are not particularly similar to those of the sodium channel or calcium channel, although they seem to share a general topology of putative cytoplasmic, external, and membrane-spanning domains. The Shaker proteins also do not exhibit the 4-fold repeat of homology units of the sodium or calcium channel, leading to the idea that the Shaker channel is made up of an association of multiple Shaker subunits, which 
MATERIALS AND METHODS
Myotube Culture. Cell cultures of Drosophila melanogaster myotubes were prepared according to the procedure of Seecof (23 Oocytes were injected with mRNA in a manner similar to that described previously (24) . Female Xenopus laevis were obtained from Xenopus I (Ann Arbor, MI) and maintained at room temperature (20-220C Proc. Natl. Acad. Sci. USA 86 (1989) The incubation medium was changed daily. Immediately before patch-clamp experiments, the oocytes were incubated in a hypertonic "stripping" medium (220 mM N-methylglucamine/220 mM aspartic acid/2 mM MgCl2/10 mM EGTA, 10 mM Hepes, pH 7.2 with N-methylglucamine) for 5-10 min and the vitelline membrane was mechanically removed with fine forceps (25) . The results presented are based on the data obtained from 14 patches from myotubes, 12 patches from ShB-injected oocytes, and 10 patches from ShD-injected oocytes.
Electrophysiology and Data Analysis. Unitary currents were recorded using cell-attached, inside-out, and outside-out configurations ofthe patch-clamp method (26) . The data were collected and analyzed essentially as described (27, 28) . In excised configurations, the external solution typically contained 140 mM NaCl, 2 mM KCl, 6 mM MgCl2, and 10 mM Hepes, adjusted to pH 7.1 with NaOH. The cytoplasmic solution typically contained 140 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 11 mM EGTA, 10 mM Hepes, and 10 nM free Ca2+, adjusted to pH 7.2 with N-methylglucamine. Occasionally, 70 mM KCl was replaced by 70 mM KF. For the cell-attached configuration, the bath solution contained 140 mM KCl, 2 mM MgCl2, 11 mM EGTA, and 10 mM Hepes, adjusted to pH 7.1 with N-methylglucamine, for myotubes or 98 mM KCl, 3 mM MgCl2, 1 mM EGTA, and 10 mM Hepes, adjusted to pH 7.2 with N-methylglucamine, for oocytes. Experiments were performed at room temperature (19-22°C).
RESULTS AND DISCUSSION
Whole-cell and single-channel Shaker A-type potassium currents can be recorded from cultured Drosophila embryonic myotubes (29, 30) . They are eliminated or altered by various Shaker mutations (29, 30) . Representative single-channel records are shown in Fig. LA . Each panel of Fig. 1 shows four current traces elicited by a depolarizing voltage step and an ensemble average generated from a large number of such traces (after each was converted to an idealized record). The upper set ofrecords was recorded during voltage steps to + 50 mV; the lower set was recorded during steps to 0 mV. Comparable records obtained from Xenopus oocytes after injection of mRNA transcribed from ShB and ShD cDNAs are shown in Fig. 1B and C. Such channels were not seen in uninjected oocytes and were rare in oocytes 1 day after injection. Their density in the membrane increased during the next few days. The general behavior of the native channels and those in the oocyte is similar. In all cases the probability The data shown in the top panels were recorded at +50 mV and those in the bottom panels were recorded at 0 mV following prepulses to -100 or -120 mV. Each of the three patches contained only one active channel. The data in A, B, and C were obtained in the cell-attached, inside-out, and cell-attached configurations, respectively. The pulses were applied every 5 sec (A) or 6 sec (B and C). The data were digitized at 20 kHz. At +50 mV, the data from the myotube (A) were filtered at 2 kHz, those from ShB (B) were filtered at 1.8 kHz, and those from ShD (C) were filtered at 1.2 kHz. At 0 mV, the data were filtered at 2 kHz, 1.2 kHz, and 1 kHz, respectively. Properties of the ShB or ShD channels recorded in the cell-attached configurations did not differ noticeably from those recorded in the inside-out configuration. Although the basic behavior of the three types of channels is similar, there are differences in the time course of the probability of the channel being open as indicated by the ensemble averages ( Fig. 2A) . Native and ShB averages decay rapidly, whereas ShD averages decay considerably more slowly. This relatively slower decay was evident at other voltages and was highly reproducible among different ShD patches and batches of mRNA. The relative time courses of the ShB and ShD ensemble averages are similar to the previously reported macroscopic currents recorded from ShB and ShD injected oocytes by two-electrode voltage-clamp (12) .
Single-channel measurements allow the determination of rate-limiting steps for channel gating and the voltage dependence of transitions between kinetic states that underlie the macroscopic voltage dependence (32, 33) . Further, they can provide a quantitative description of which transition rates are altered between the different channel species and how these alterations account for the differences in macroscopic currents. As shown in Fig. 1 
FIG. 2. (A)
Comparison of the time course of the probability of the channel being open at +50 mV among the myotube, ShB, and ShD channels. The traces were scaled so that the peak amplitudes of all three traces are approximately equal. The openings were elicited at +50 mV as in Fig. 1. (B) Voltage dependence of the probability of the ShD channel being open. Openings were elicited at four different voltages following 1-sec prepulses to -100 mV. This patch contained five active channels.
butions from transitions occurring before the first opening, or m(t), which involves transitions occurring after the first opening, or both.
Even though there are quantitative differences in gating between native Shaker channels in cultured myotubes and ShB or ShD channels expressed in oocytes, the voltage dependences of their gating are similar. We have compared P(t), f(t), and m(t) at different voltages to examine the voltage-dependent behavior of the single channels. P(t) was calculated from ensemble averages (Fig. 2) . At less positive voltages, the probability of the channel being open increases slowly and decays much more slowly (shown for ShD in Fig.  2B ). f(t), the first latency function, was examined in its integral form as a distribution function. The first latency functions at two different voltages are shown in Fig. 3A . m(t) was calculated by synchronizing all records at the time of the first opening and averaging them. These conditional probability functions are shown in Fig. 3B . For both the native channels and the two species of channels in oocytes, the first latency distributions are highly voltage-dependent whereas the behavior after the first opening [m(t)] has very little, if any, voltage dependence. In all three cases the voltage dependence of P(Q) arises almost exclusively from a voltage dependence of f W)
The conditional probability function, m(t), has contributions from channels that remain open at time t after first opening and from channels that closed any number of times, reopened at some time earlier than t, and remained open until time t. The relative contribution of these two components to This scheme has a striking similarity to the gating of mammalian neuronal sodium channels (34) (35) (36) (37) (38) . Their voltage dependence comes about from transitions in the opening pathway (first latencies) and inactivation of open channels has very little voltage dependence. It seems that the basic molecular machinery for voltage-dependent opening and non-voltage-dependent inactivation is present in the structure of the Shaker protein, which is one-fourth the size of the sodium channel. The major differences between Shaker channels and sodium channels are the tendencies to burst and return from inactivation (having higher numbers ofbursts per trace) in Shaker channels. These vary among the different Shaker species examined here, and probably others as well, based on differences in macroscopic inactivation rates and steady-state current (10) (11) (12) . The probability of inactivation from resting states is also more pronounced for sodium channels than for Shaker potassium channels (34, 35) .
The differences between the native Shaker channels and those expressed in oocytes could reside either in a difference in the channel structure or its environment in the oocyte. This can be addressed by transformation of ShB cDNA into flies deficient for the Shaker locus, where ShB channels can be studied in the native cells. If the differences are not a result ofthe oocyte expression system, it seems clear that the native channels do not consist entirely of either ShB or ShD polypeptides. The differences in kinetics, stability, and charybdotoxin sensitivity all argue that ShB or ShD channels are at most a small fraction of the native channels in these myotubes.
